Understanding drivers for energy consumption is important for economic and environmentally sustainable development. To explore this issue, the SDA (structural decomposition analysis) method based on input-output theory was used to analyze the influencing mechanism of energy consumption in one of the top energy consumers, Guangdong Province in China, during 2002 to 2012. We divided the process into 2 stages: before and after the global financial crisis. The main conclusions are as follows: 1) Economic activity and population size are the main driving factors for the increase in energy consumption, while energy consumption intensity is the main factor restraining the increment, and the effects of final demand structure on energy consumption transformed from positive before the global financial crisis to negative after the global financial crisis.
Introduction
Abundant energy use has been one of the most important cornerstones of the world's rapid social economic development since the opening of the industrial revolution [1] . Along with continuous economic growth, global total primary energy consumption increased from 3730.23 million tons of oil equivalent (TOE) in 1965 to 12622.09 million TOE in 2012 [2] . Both developed countries/regions (i.e., US, EU, Japan) and developing countries (i.e., China, India) have made great contributions to global energy consumption increments. As the world's largest developing country, China's total energy consumption has accelerated since 2000 with near double-digit annual economic growth. China's total primary energy consumption increased rapidly from 1003.11 million TOE in 2000 (accounting for 10.68% of global total energy consumption) to 2795.26 million TOE in 2012 (22.15% of the global total) [2] . Especially, China's total energy consumption surpassed the US after 2009, being the largest energy consumer around the world. Under such circumstances, China has made great efforts to control its total energy consumption and the energy intensity during the past decades [3] . In the newly published 13 th Five-Year Plan For Energy Development (2016-2020) and the Energy Production and Consumption Strategy (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) (2030) announced by China's National Development and Reform Commission (NDRC), China's government promised that its total energy consumption would be controlled under 5 billion tons of standard coal equivalent (TCE) in 2020 and 6 billion TCE in 2030, aiming to achieve its energy and emissions peak. To continue to reinforce the energy savings and emission reduction targets, the total national mitigation goals were definitely evaluated and allocated among provinces in the newly published 13 th Five-Year Plan for Greenhouse Gas Emissions Control (2016) (2017) (2018) (2019) (2020) . Hence, what is the best way to effectively achieve the regional allocation of energy savings and emissions reduction?
As shown in Fig. 1 , there were pronounced differences in the total energy consumption and energy consumption structures among provinces within China. Economic development level (per capita GDP) and manufacturing technology level (energy consumption intensity) were also performing significant disparities across the whole country (Fig. 2 ). Top energy consumption provinces such as Shandong, Hebei, Guangdong, Jiangsu, Henan and Liaoning consumed nearly 40% of the national total energy consumption. Therefore, there is an urgent need for the bottom-up analysis of energy consumption mechanism and energy saving potential based on the provincial perspective, especially the top provincial energy consumer in China.
In this study, we take Guangdong Province as an example mainly for two reasons: on the one hand, Guangdong Province is one of the top energy consumers in China whose total energy consumption in 2012 was almost equal to the United Kingdom's total energy consumption in the same year. On the other hand, Guangdong was listed as the first batch of lowcarbon pilots by China's NDRC in 2010. As shown in Fig. 3 , Guangdong's economic growth and total energy consumption both accelerated after China joined the World Trade Organization in 2001, with near double-digit annual growth rates. Furthermore, Guangdong's contribution of energy consumption to China was still performing an increasing trend. Conversely, Guangdong's contribution of GDP to China decreased obviously, especially after the global financial crisis in 2007. If this situation cannot be reversed effectively, it will present a serious challenge to the energy consumption intensity reduction in Guangdong. Although the impact of the global financial crisis on carbon emissions mainly from fossil-fuel combustion was short-lived, there was strong emissions growth in emerging economies [4] . For example, China's emissions growth rate was 10.4% in 2010, while global emissions grow 5.9% [4] . The main reason underlying this emissions rebound was an increase in the fossilfuel intensity of the world economy [4] . As for China, energy-related carbon emissions flow patterns have changed greatly since the global financial crisis in both international and domestic trade [5] . Especially, China's emissions embodied in exports declined after the global financial crisis. The main reasons underlying these emission declines were changes in production structure and efficiency gains [5] . In terms of China's foreign trade, the global crisis reduced developed countries' (e.g., Spain [6] ) imports of pollution-intensive inputs from China, while developing regions became the dominant destination of China's emissions embodied in exports [5] . Therefore, how did these foreign and domestic changes effect energy consumption in Guangdong? In the newly published 13 th Five-Year Plan for Greenhouse Gas Emissions Control in Guangdong Province (2016-2020), Guangdong's local government made promises to control the total energy consumption under 0.338 billion TCE by 2020, while energy consumption intensity (defined as a reduction in energy consumption per unit of GDP) Structural Decomposition Analysis of Driving... would decrease by 17% in 2020 compared with the 2015 level, and the consumption proportion of non-fossil energy would reach 26% by 2020. As a consequence, there is an urgent need to have a deeper understanding of the provincial case-based empirical studies to study its driving factors of energy in detail, especially during the rapid change period 2002-2012. Therefore, Guangdong may serve as a demonstration of how to complete the energy savings and emission reduction targets, thereby highlighting the representativeness of Guangdong as an important low-carbon pilot over China.
Material and Methods
Two kinds of decomposition techniques, namely index decomposing analysis (IDA) and structure decomposing analysis (SDA), have been developed independently and widely applied to uncover the influencing drivers for an aggregate indicator (i.e., total energy consumption). In energy studies, one approach proposed by Myers and Nakamura [7] and Bossanyi [8] are two of the earliest IDA applications to decompose the changes in energy. Since then, the IDA technique has been applied successfully to decompose changes in industrial energy demand [9, 10] , residential energy consumption [11] , total energy consumption Wang C., et al. [12] , energy intensity [13] , and energy efficiency [14] , because the advantage of IDA is that each model can be applied readily to any available data at any level of aggregation in a period-wise or time-series manner [15] [16] [17] . Comprehensive surveys of IDA in energy studies can be found in [18, 19] . SDA and IDA are related [20] and SDA and IDA are consistent in decomposition methods, but differ in the modelling of an aggregate indicator [21] . The IDA method employs data aggregation to analyze the direct effects of changes in various factors on energy consumption, this aggregation limits policy implications to the particular sector level [22] . The SDA model, based on the classical input-output theory [23, 24] , features greater data integrity, including the relationship between an economy's production and consumption, which remedies the deficiency of the IDA model for its failure to examine the indirect effects of changes in final demand sectors [25] . The application of the SDA method in energy studies was later than that of IDA, and the SDA method has also been adopted in energy studies since the 1980s [19] . [26] [27] [28] [29] [30] are five of the relative earliest SDA applications to decompose the changes in energy. Table 1 exhibits a brief summary of the key developments of SDA applications in energy studies from research conducted from 1980 to the present. Of the selected 38 SDA applications in energy studies listed here, nearly 80% contain decomposition of changes in energy consumption or embodied energy indicators at the national level. Approximately 20% deal with the energy intensity indicator. In addition, nearly 40% of the selected studies were conducted in China, the world's top energy consumer. Comprehensive surveys of SDA in energy studies can be found in [31] [32] [33] .
In conclusion, IDA and SDA have been the most popular methods when dealing with aggregate indicators for energy consumption [9, 10, 31, 32, 63] . The IDA method is less data-intensive, and this aggregation limits policy implications to the particular sectorial or industrial scale [65] . In contrast, the SDA method relies on the input-output (IO) databases aiming to break down observed changes in physical indicators (e.g., energy consumption) into changes in physical and economic indicators based on systematic and comprehensive viewpoints. Therefore, we recommend using the SDA method to deal with energy issues in this empirical study.
Constructing the SDA Method
The conventional Leontief input-output model is shown as:
…where x represents the vector of total output, y represents the final demand vector and A represents the n × n domestic intermediate coefficients [23] .
, the n × n Leontief inverse matrix, accounts for not only the direct production effects through the domestic intermediate coefficients, but also all the indirect production effects in the whole economic process [19, 23] .
Based on the Input-output theory [24] , energy and economy can be modelled by applying the SDA method and combining with energy indicator, as follows [5, 25, [66] [67] [68] [69] [70] [71] :
…where X is total energy consumption; X E x = is the 1 × n energy intensity vector on industrial scale; and the n × 1 column vector y represents the final demand sectors in the input-output table, which comprised the final consumptions (i.e., government consumptions, urban household consumptions, and rural household consumptions), gross capital formation (i.e., fixed capital formation and inventory increase), and gross imports and exports (i.e., inter-provincial import, international import, inter-provincial export, and international export). Then y can be further decomposed as the final demand structure y s and the total final demand, whereby Structural Decomposition Analysis of Driving... 
Given the above, the SDA method for energy consumption can be derived as:
Then, the arithmetic in dealing with the aggregate energy consumption indicator between specific time period can be decomposed as:
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Based on the above, changes in total energy consumption (∆X) were decomposed into five main influencing factors: energy intensity (E) -eint, Leontief structure (L) -lstr, final demand structure (y s ) -dstr, per capita GDP (y v ) -pgdp, and population size (P) -pops.
Advantages of the SDA method also include its ability to show the indirect effects of the final demand sectors on energy consumption [25, 72] . The n × 1 column vector y can be diagonalized based on the categories of final demand sectors in the input-output table, in order to allocate energy consumption changes caused by final demands by economic sectors [72] . The following equation was derived:
…where y k represents the final demand of the k type, X k represents the indirect energy consumption caused by changes in the final demand of the k type.
Data Material
The data used in this case study, three time- (Fig. 4) . It illustrates that energy consumption in Guangdong after the global financial crisis was significantly lower than energy consumption before the global financial crisis.
Results and Discussion
Firstly, we used the SDA method to quantify the mechanism of the various influencing factors based on Eq. (2)-(6), in order to explain the huge difference in energy consumption before and after the global financial crisis in Guangdong. As shown in Fig. 4 Analysis results show that economic activity (pgdp) and population size (pops) are the main drivers for energy consumption increments in Guangdong. Although production structure (lstr) is still a positive driver for energy consumption increment at present, its contribution has decreased significantly from 10.66% before the global financial crisis to 3.16% after the global financial crisis, owing to the continuous improvement toward an energy-saving production structure. Eint is the important factor for restraining energy consumption increments in Guangdong, and its contribution ratio increased from 48.52% before the global financial crisis to 62.25% after the global financial crisis. In addition, the effects of dstr on energy consumption in Guangdong changed from positive (6.12%) before the global financial crisis to negative (-18.05%) after the global financial crisis. Subsequently, it became an important factor for restraining energy consumption increment, indicating the achievement of an optimized energy-saving economic structure after the global financial crisis. Compared with a previous related study conducted in China, the main reasons underlying these energy-related emissions declines were changes in production structure and efficiency gains during 2007-2012. But, taking Guangdong as a case region, one of the top energy consumers in China, energy consumption reductions were mainly contributed by efficiency gains and final demand structure. This significant difference between the national and provincial levels highlighted the importance of the national experience-based learnings as well as provincial case-based empirical studies when developing national and regional sustainable energy strategies. 
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Secondly, we examined the contributions of influencing factors driving energy consumption changes caused by final demands, according to the results of a calculation using Equation (7). Energy consumption increments were mainly caused by international export, inter-provincial export, fixed capital formation, and urban household consumption, whereas energy consumption mitigations were mainly induced by inter-provincial import and international import in Guangdong (Fig. 5) .
During 2002 to 2012, 134.40 and 92.33 million TCE of energy consumption increments in Guangdong were caused by changes in international export and inter-provincial export, accounting for 75.55% and 51.90% of the total energy consumption, respectively. Meanwhile, 109.34 and 92.86 million TCE increments were caused by fixed capital formation and urban household consumption, representing 55.72% and 52.59% of total energy consumption. In contrast, 52.92 and 30.01 million TCE of energy consumption mitigations were caused by the changes in interprovincial import and international import, accounting for 61.47% and 52.20% of total energy consumption, respectively.
However, the impacts and influences of various factors on energy consumption are different before and after the global financial crisis (Fig. 5) . In 2002 and 2007, before the global financial crisis, international export, inter-provincial export, and fixed capital formation are the main drivers for energy consumption increments in Guangdong. In 2012, after the global financial crisis, international export, fixed capital formation, and inter-provincial export are the main drivers. In deep analysis, energy consumption embodied in international export and inter-provincial export decreased from 420.02 million TCE to 388.64 million TCE after the global financial crisis. In contrast, energy consumption caused by fixed capital formation and urban household consumption rapidly increased from 90.42 million TCE to 157.29 million TCE and from 64.04 million TCE to 104.38 million TCE after the global financial crisis, respectively. After the global financial crisis, China's central government immediately launched the "Four trillion yuan investment stimulus plan" in 2008, which mainly focused on railway, highway, electric power and other large infrastructure construction. The economy of Guangdong continued to develop rapidly due to the national stimulus plan [17] Guangdong is the most developed province based on manufacturing and import/export, profiting from the economic liberalization and globalization after China's reform and opening-up policy. In other words, economic development of Guangdong is deeply influenced by globalization. Although energy consumption embodied in international export decreased from 252.50 million TCE in 2007 before the global financial crisis to 238.24 million TCE in 2012 afterward, it is still the most significant important driver for energy consumption increments. Inter-provincial import played a more important effect in energy consumption reduction than international import after the global financial crisis. That is to say, Guangdong's energy-saving achievement is largely due to embodied energy transfers via China's domestic trade.
Finally, we analyzed contributions of different final demand types in driving energy consumption changes in the industry sector in Guangdong during 2002 to 2012 (Fig. 6) . During 2002 to 2012, sector codes 25, 21, 11, 13, and 9 were mainly responsible for energy consumption in Guangdong. These five major industries accounted for more than 50% of the total energy consumption in Guangdong. These energy-intensive sectors should be key industries for energy mitigation in the industrial development in Guangdong in the near future.
During However, the impacts of aggregation issues at the sector and temporal level should be highlighted in empirical SDA studies [32, 73] . International trade and domestic trade jointly played significant effects on the total energy consumption in Guangdong before and after the 
global financial crisis. Energy consumption intensities at sector level used for international and interprovincial trades are the same assumptions in our case study, owing to the data limitation to identify the source and destination of these imported products. However, processing and normal export assumption in the embodied energy analysis were key issues [74] . In fact, a large amount of Guangdong's exports are processing exports whose embodied energy consumption intensity is much lower than the normal exports [74, 75] . In the future, the direct input coefficient matrix in the input-output table should be decomposed to distinguish foreign imports and domestic products [76] . Guangdong's unique features in the international and domestic trades will highlight the importance of energy consumption intensity and trade structure in interpreting the changes in energy consumption in the manufacturing sectors in Guangdong, as well as other manufacturing and export-oriented provinces in China.
Conclusions
Based on the application of the classic input-output theory and the construction of the energy-economy analysis framework, the systematic SDA method was conducted in order to uncover the drivers for energy consumption in Guangdong before and after the global financial crisis during 2002 to 2012. The main conclusions are as follows: Economic activity (pgdp) and population size (pops) are the main drivers for energy consumption increments in Guangdong. Energy consumption intensity (eint) is the most important factor restraining energy consumption increment. The effects of final demand structure (dstr) on total energy consumption transformed from positive before the global financial crisis between 2002 and 2007 to negative after the global financial crisis between 2007 and 2012.
Analysis of allocation of energy consumption changes caused by final demands shows that international export and import and inter-provincial export and import had significant effects on changes in energy consumption in Guangdong. Although energy consumption embodied in international export decreased after the global financial crisis, it is still the most significant important driver for the energy consumption increments. Guangdong is a net exporter of embodied energy through international trade. Structural decomposition analysis on the effects of different final demand in the industry sector indicates that, for international export trades, the electronics and machinery industries, and low value-added laborintensive industries are the main contributors. Energy consumption reduction caused by inter-provincial import increased rapidly, and it played a more important effect in energy consumption reduction than international import after the global financial crisis. Guangdong's energy-saving achievement is largely due to embodied energy transfers via China's domestic trade. Future energy-saving development should emphasize more on the continuous reduction of energy consumption intensity, optimization of energy structure, and upgrading technology. At present, as well as in the mid to long term, energy-intensive industries should be the key industries for energy conservation in the development and distribution of industries in Guangdong Province. The reduction of energy consumption intensity should focus on optimizing industry structures to reduce industrial consumption and monitoring high consumption sectors.
